The sorrel vine (Cayratia japonica (Thunb.) Gagn.), a winder plant (liana) in the Vitaceae family, was heat resistant in photosynthetic oxygen (O2) evolution. The O2 evolution of leaf, chloroplasts and photosys-temII particles of sorrel vine was little affected by heating at 45C for 5 min, while the O2 evolution of spinach and many other plants was inhibited at 45C. Inhibition of the 02 evolving center of a heated leaf was monitored with greater depression of chlorophyll-fluorescence induction, reflecting the depression of plastoquinone photoreduction by photosystem II (PS II). The leaf fluorescence of spinach, pumpkin, maize, sorrel (Rumes japonicus) and arrowroot (Pueraria lobata Ohwi) was depressed and modified in a rising pattern, while the fluorescence rise of sorrel vine leaf was little affected by heating at 45C; this indicated that sorrel vine leaf was more heat resistant than others tested. Heating of spinach and sorrel leaf, and their chloroplasts and/or PS IT particles to 45C destroyed the 02 evolving center so that most of the essential Mn and the 18-, 24-and 33-kDa extrinsic peptides of the center were lost, while the center of the sorrel vine was protected from the destruction at 45C.
Introduction
The growth of green plants is inhibited at temperatures above 45C except in some species in the hot desert2. One of the causes is heat inhibition of photosynthesis, especially the inhibition of an oxygen (O2) evolving center in photosystemII (PS II). The heat inhibition mechanism of the 02 evolving center was studied with chloroplasts5, 10, 11, 13, 15) and PS II particles8, 23, 26, 28) and explained as the loss of functional Mn5, 11, 15) and of 18-, 24and 33-kDa extrinsic peptides8, 21, 26, 28) from the center. Although blue green algae3, 7, 9, 27) grow at 50-70C, such heat resistance has not been found in cultivated plants. However, this study was undertaken to identify some heat resistance in wild green plants with a tough structure in their 02 evolving center in order to introduce this character into cultivated plants. To detect the heat resistance we compared the chlorophyll-fluorescence induction rise at the onset of strong blue actinic light to chloroplasts11,22 and to a leaf before and after heating. When the 02 evolving center is active, the chlorophyll-fluorescence intensity increases or the rise of fluorescence is induced with time after the onset of strong actinic light. But after the heat inactivation * Research Institute of Forestry, University of Utsunomiya, Minemachi, Utsunomiya, Tochigi 321 Japan ** Laboratory of Photosynthesis, National Institute of Agrobiological Resources (NIAR), Tsukuba, Ibaraki 305 Japan *** Institute of Biological Sciences, University of Tsukuba, Tsukuba, Ibaraki 305 Japan (Accepted November 26. 1996) of the center, the fluorescence rise is inhibited and modified in the pattern of a rising curve. By this method the heat resistance in the 02 evolving center was detected in the sorrel vine (Cayratia japonica (Thunb.) Gagn.) leaf but not in the young leaves of other plants such as maize and pumpkin. This heat resistance was elucidated by demonstrating that the functional Mn and three extrinsic peptides in the 02 evolving center of sorrel vine PS II Particles were only slightly released by the heat treatment at 45C, but that the Mn and peptides in spinach and sorrel PS II particles were greatly released from the center by heating at 45C. 
Heat-treatment of leaves, chloroplasts and PS II particles
Leaves were heated for 5 min in a water bath after wrapping them with aluminum foil to protect the 02 evolving center from photoinactivation. Chloroplasts and PS II particles at 2 mg Chl/ml were heated in a small brown test tube (q5 = 6 mm) for 5 min in a water bath. The heated samples were directly measured for the 02 evolving activity or centrifuged to separate heat-released Mn2+ and extrinsic peptides from the PS II particles. Mn2+ and the peptides in the supernatant solution were analyzed by atomic absorption spectroscopy and SDS-polyacrylamide gel electrophoresis.
Preparation of chlorop lasts and PS II
particles Forty grams of fresh leaves were homogenized for 15 sec at 0C in a mixer with 140 ml chloroplast preparation medium containing 0. 4 M sucrose, 50 mM Tris-HC1 (pH 8. 0), 10mM NaCI and 10 mM ascorbate. Chloroplasts were collected from the homogenate by fractional centrifugation (300 g X 1 min 700 g X 10 min) and washed by suspending them in a SHN medium (containing 0. 4 M sucrose, 50 mM HEPES-Na (pH 7. 8) and 20 mM NaCI) and by centrifugation (1, 000 g X 10 min). The chloroplast precipitate was resuspended in a small volume of SUN and kept on ice for use. Sorrel vine chloroplasts were prepared with some modifications. As the leaf was hard and the homogenate became very viscous, 15 g of previously chopped leaves were used in the homogenation with the 140 ml preparation medium. The viscous homogenate was first centrifuged at 2, 500 g for 10 min to precipitate chloroplasts.
After suspending chloroplasts in SHN they were fractionally centrifuged and washed as above.
PS II particles were prepared by solubilizing chloroplasts with a detergent Triton X-100 and by fractional centrifugation according to the method of Kuwabara and Muratalg). First, chloroplasts were suspended to be 2 mg Chi/ml SHN with 5 mM MgC12. Then, 0. 2 ml of 20 % (W/V) Triton X-100 was slowly added dropwise to 1 ml of the chloroplast suspension, and gently mixed for 30 sec at 0C under shaded light. PS II particles were collected by fractional centrifugation (1, 000 g x 2 min-20, 000 g x 30 min). They were washed twice by suspending them in SMN (containing 0. 4 M sucrose, 50 mM MES-Na pH 6. 5 and 20 mM NaCl) and collected again by centrifugation (20, 000 g x 20 min). PS II particles were resuspended in a small volume of SMN and kept on ice until used or stocked in a -80C container after freezing the particles with liquid nitrogen. In preparing the sorrel vine PS II particles, the amount of detergent added was decreased to 0. 15 ml Triton X-100 (20 %)/ml chloroplasts.
Chlorophyll content was determined according to the method of Arnon. 
Results
The presence of photosynthetic 02 evolving activity in a leaf was easily monitored with a f luorometer by the chlorophyllfluorescence induction rise14,16,25) First, the leaves of ubiquitous and vigorous wild plants (sorrel vine, sorrel and arrowroot), summer C4-plant maize, summer C3-plant pumpkin and winter C3-plant spinach were examined. As shown in Fig. 1 , the Fv fraction (variable fluorescence) increases after the onset (upward arrow t) of leaf illumination. This fraction is proportional to photoreduction of "Q" 4, 6, 17, 20) by electrons which are photosynthetically generated from the 02 evolving center. "Q" is a special plastoquinone bound at the reducing side of PS II. When a leaf was heated to 45C or higher temperature and the 02 evolving center was inhibited, the rise of Fv signal of spinach and other plant leaves was depressed and modified to stimulate a small rapid increase at the onset of leaf illumination (a phase, related to heat deactivation of the water splitting system24), and then gave rise to a slow signal increase ( Figs. 1  and 2 ). As this small rapid rise in Fv signal was observed with heated maize leaf but not with heated sorrel vine leaf (Fig, 1 ) the latter drew attention as a candidate with heat resistance. The heat resistance was further confirmed by comparing the fluorescence rise of spinach and sorrel vine at 30-55C.
Spinach leaf was inhibited at 45C while sorrel vine leaf was not inhibited until 55C (Fig. 2 ).
Next, chloroplasts
were prepared from heated and non-heated leaves of sorrel vine and spinach and their 02 evolving activity was measured ( Table 1 ). The spinach chloroplasts, which were prepared from leaves heated at 45C for 5 min, were inactive in 02 evolution, while the sorrel vine chloroplasts of heated leaves retained activity. The heat resistance of extracted chloroplasts was also investigated by heating them at 20-50C ( Fig. 3) . The 02 evolving activity of spinach chloroplasts decreased by 50 % at 42C while the 50 % inhibition temperature of sorrel vine chloroplasts was 46C. The 02 evolving activ-ity of pumpkin and sorrel (Rumex japonicus) chloroplasts was decreased to 5 % and 30 %, respectively, by heating at 45C. The heat resistance of sorrel vine was also demonstrated at the level of PS II particles ( Table 2 and Fig. 4 ). The 02 evolving activity of spinach PS II particles was decreased to 33 % at 45C and to 10 % at 50C, while sorrel vine PS II particles retained 89 % activity at 45C and 33 % at 50C.
More infromation on the heat inactivated and heat resistant 02 evolving center was obtained by measuring the Mn content decrease and the release of extrinsic peptides from the center. As Mn is the most essential In spinach (Fig. 4A) and sorrel PS II particles the release of peptides began at 35-40C and became outstanding at 50C, while in the sorrel vine particles the release was still small even at 50C (Fig. 4B ).
Discussion
Green plants have grown on land from Among these plants chloroplast preparable sorrel vine was selected for further investigation in which both chloroplasts and PS II partices were studied. When chloroplasts were prepared from heated (45C, 5 min) leaves, the heat resistance of the sorrel vine 02 evolving center became even more distinct as compared with the heat inactivation susceptibility of spinach leaves ( Table 1 ). The heat resistance at 45C for 5 min was still observed even after chloroplasts were extracted from the leaves (Fig. 3) or further degraded to PS II particles ( Table 2 ). The critical inactivation temperature of the 02 evolving center of sorrel vine shifted to 50-55C, while the 02 evolving activity of spinach (Tables 1 and 2 , Figs. 2 and 3 ), sorrel and pumpkin were largely degraded critically at around 45C. In a preliminary experiment maize chloroplasts were prepared from mesophyll cells and found not to have any heat resistance at 45C. Further experiments with maize chloroplasts will be done.
One explantaion of the heat inactivation mechanism is the release of functional Mn5, 11, 15 and/or 18-, 24-and 33-kDa extrinsic peptides 8, 21, 26, 28) from the 02 evolving center.
To study the mechanism of heat-resistance, sorrel vine PS II particles were prepared, and their functional Mn (Table 2 ) and peptides ( Fig. 4) were demonstrated to be more heat stable or less releasible at 45C than Table 2 . Effect of heat treatment temperature on 02-evolving activity and Mn-content of PS II particles of spinach and sorrel vine a) unit: , umol/mg Chi hr b) unit: atoms/220 mol Ch those of spinach PS II particles. The heat stabilizing f actor2 of sorrel vine is not known at present but further investigation should identify whether it is protein structure, unsaturated fatty acids in lipid or some water soluble betaine-like substance21'. Sorrel vine may have originated in a tropical area12 so that this C3-plant growing in a temperate area may still retain this heat resistant character. One of the remarkable characters of sorrel vine is that the leaves contain a very viscous material which appeared after they were ground in the chloroplast prepatation. The relation between the heat stability and this viscous material must be further determined with various other plants which produce such materials. Another specific character of sorrel vine is that PS II particles can be prepared with a lower ratio of detergent Triton X-100/Chl (15: 1, W/W) than spinach PS II particles (20: 1). This suggests that the thylakoid membrane of sorrel vine is more hydrophilic and easily solubilized by the detergent. Different from the spinach chloroplasts, the thylakoid membranes of sorrel vine chloroplasts were less active in making use of ferricyanide as the electron acceptor for the photosynthetic 02 evolution, but could actively use 2, 6-dichloro-p-benzoquinone (DCBQ) as the acceptor. This low activity with ferricyanide might be caused by some trouble or inadequate process in the preparation of sorrel vine chloroplasts.
Although some unsolved problems remain, this study found and demonstrated the heat stability of the sorrel vine 02 evolving center at 45C. Thus the next project is to search for and identify the heat stability in each PS II constituent and to introduce that stability to other plants. Sorrel vine is a vigorous weed which grows everywhere and its genetic infromation must be useful for the creation of other vigorous plants with heat resistance in photosynthesis.
